A practical method has been developed for rapidly determining the depth of a corrosion micro-pit from the path lengths of X rays passing through the walls of the pit on their way to an X-ray detector. The method takes advantage of the attenuation of the Bremsstrahlung and characteristic X-ray radiation accompanying each X-ray spectrum, and the results are verified independently using AFM and the special pit geometry surrounding MnS inclusions in 1018 carbon steel. The method has general validity and is especially valuable in those cases where the pit depth-to-width ratio is too steep to measure using the conventional methods.
Introduction
The motivation for this work arises from the need to determine the depth of the micro-pits that are initiated on carbon steel surfaces which have been exposed to anaerobic or aerobic corrosive environments [1] [2] [3] [4] [5] . During the course of imaging and analysis of the corrosion products and the pit initiation and development associated with MnS inclusions, very often a large number of pit formations are observed in the immediate surroundings of MnS inclusions (stringers) [6] [7] [8] . A limited number of techniques are available in the literature for determining pit depths: Liu and coworkers use pulsed thermography and high-resolution laser scanning coupled with complicated mathematical algorithms to determine pit depths which were either larger than 1 mm (pulsed thermography) [9] or less than 10 nm [10] . Davenport and coworkers used in situ synchrotron radiography and tomography to determine pit morphologies [11, 12] . Zhou and coworkers employed electron tomography (using a special imaging system) coupled with ultramicrotomy to determine pit profiles [13] . Here we introduce a very practical method which uses only data from energy dispersive X-ray (EDX) microanalysis (a commonly used technique) for the rapid determination (in $5 min) of pit depths in the range from a few microns to $50 lm (this range is limited by the penetration depth of the characteristic X rays in the EDX spectra).
Surfaces were prepared by cutting and polishing 1018 carbon steel bars perpendicular to their rolling direction. The elemental composition of 1018 carbon steel, in wt.%, is 0.14-0.16 C, 0.6-0.9 Mn, less than 0.004 P, less than 0.05 S and the balance Fe [14] .
The stringers were very often about 1 lm wide and hundreds of microns long, extending along the rolling direction of the steel bar. Fig. 1 shows the tip of one of these stringers sticking out from the bottom of a corrosion pit. The field emission scanning electron microscope (SEM) image was zoomed into the top of the MnS tip, causing an increase in the brightness of the image at the top of the pit. Comparison of the energy dispersive X-ray (EDX) spectrum obtained from the tip (Point 1) to the one from the top surface (Point 2) confirms that it is a MnS inclusion. Notice also that the majority of X rays in the energy range from 0 to $3.5 keV are absorbed in Spectrum 1 (yellow). These stringers when exposed to an acidic environment as a result of the corrosion process start dissolving from the top and give rise abiotically to high concentrations of aggressive H 2 S and HS À species inside the micro-pits, causing increases in the corrosion processes locally [14] . While pit initiation and development is a very important topic, the focus of this paper is the development of a practical method for determining the depths of the micro-pits that are often encountered on corroding surfaces, particularly after the corrosion products are removed. It is desirable to have some idea of the depths of these pits in relation to their local environment. These pits are often too narrow to determine their depth with standard techniques such as optical microscopy or atomic force microscopy (AFM). This is mostly because neither light nor an AFM tip can be used to probe these depths: Pits are typically too narrow and deep to get reflected light back and not wide enough for an AFM tip to fit inside the hole to probe its depth [15, 16] . On the other hand, a wellfocused electron beam, typically a few nm in diameter, has little problem reaching the bottom of a pit, interacting with the material at the bottom and generating characteristic X rays as well as the Bremsstrahlung radiation continuum that accompanies the characteristic X rays [17] . The subject of this paper is the development of a practical technique which can easily be used to obtain a rough idea of the depths of any narrow, deep holes in these samples. The presence of MnS inclusions is not necessary for the application of this method. Here we take advantage of the special geometry developed around MnS inclusions, as shown in Fig. 1 , which gave us an opportunity to determine pit depth through two independent means: (1) X-ray attenuation and (2) geometrical means using high-resolution SEM images. Our previous publication [14] explains the science behind the initiation and development of these pits. Fig. 1 shows an FEM image of typical corrosion pits (left) that were initiated and developed around a MnS stringer in two weeks of exposure to D. alkanexedens (ALDC) culture [14, 18] . EDX spectra (b) were taken from the MnS (yellow) and from a spot on the surface (blue) under identical conditions. As an alternative to corrosion, artificial pits were made on a clean iron surface by means of ion milling. This was achieved by sputtering, using a focused Ga + ion beam at 12-keV impact energy focused to a 1-lm size at 1-nA current, and by rastering a 9 Â 9 square lm area on the clean 1018 carbon surface. However, preferential etching of the iron grains with the ion beam resulted in micro-holes that were far from ideal, as shown in Fig. 2 : they were not nearly as well-defined as the ones formed naturally around MnS inclusions ( Fig. 1 and other figures in the manuscript). The idea behind Fig. 2 was that one could determine the pit depth accurately using atomic force microscopy (AFM) and using X-ray attenuation and compare the results. A depth measurement with AFM is also shown in Fig. 2 . However, the AFM tip was too rough to probe the deep edges and corners of the pit; hence, the AFM cross-section analysis shown on the right of the AFM image gives a smoothedout bottom with a depth of about 2 lm while the depth determined using X-ray attenuation, as explained below, produced a $3-lm depth at the location marked as 1 in the pit. As is clearly seen in the SEM image, the depth at that location is slightly deeper than the visible bottom of the pit; however, the AFM tip could not reach these depths near the pit walls. Furthermore, the X-ray attenuation method works best if all the energy (20 keV) of the primary electrons is dissipated within the interaction volume of the beam at the impact point. Open holes such as that shown in Fig. 2 enable the high-energy scattered electrons to escape the point of impact, causing the production of X rays at locations not intended for probing. We now focus our attention on electron/ material interactions. When a high-energy electron beam (15-20 keV) focused to a diameter of a few nm impinges on a sample surface in an SEM setting, it generates X-ray radiation from an interaction volume, whose effective size for this application is assumed to be confined to $1 lm [19] . The energy distribution of these X rays is in the form of characteristic peaks associated with the elemental composition of the specimen. These characteristic X rays are superimposed on a continuous background due to Bremsstrahlung radiation whose cross section is proportional to Z 2 where Z is the atomic number of the material under consideration, in this case Fe and MnS inclusions [19, 20] . An energetic electron, as it interacts with a material, such as steel, is dissipated through inelastic collisions with the atoms of the material. Some of these interactions give rise to the characteristic X rays or Auger electrons specific to the material under study as a result of the decay of the core holes in the bound states of the atoms excited by the energetic primary electrons. On the other hand, some of the primary electrons interact with the positive charges in the nuclei of these atoms, losing part of their energy and causing the emission of Bremsstrahlung radiation. Regardless of the type of X rays generated, when these X rays pass through a material their original intensity, I o ; decreases exponentially with increasing path length, ', through the material. The attenuation of the intensity is given by the Beer-Lambert equation (Eq. (1)) where l(E) is the X-ray attenuation coefficient; I Io is the ratio of the final intensity, I at distance ', to the initial intensity, I o ; at ' ¼ 0; and E is the X-ray energy. In practice, the Beer-Lambert equation is typically written in terms of the X-ray mass attenuation coefficient, lðEÞ q , where q is the mass density of the material (Eq. (2)) [19] : The two EDX spectra were taken (1) from the MnS inclusion (yellow) and (2) from an adjacent spot on the sample surface (blue). Most of the Bremsstrahlung Xrays (marked) have been attenuated in spectra (1).
The tabulated values of lðEÞ q vs. E are available in NIST data bases [21] for most materials. Therefore, if the transmitted and incident X-ray intensities, I and I o , are measured as a function of X-ray energy as in EDX spectra and the material density, q, and mass attenuation coefficient, lðEÞ q , vs. E are known, then the path length, ', may be deduced. The mass attenuation coefficient provided by NIST is for pure iron, and so it should be noted that carbon steel is approximated to this by considering a very small fraction of carbon steel consists of carbon ($0.15 wt.%.) Also, the NIST data base provides only thirteen data points in the X-ray energy range from 1 keV to 20 keV; hence, using these data points the mass attenuation coefficient lðEÞ q as a function of continuous photon energy, E, was fitted to power law functions, as illustrated in Fig. 3 .
The discontinuity in the mass attenuation coefficient at 7.112 keV, which is due to the reabsorption of X rays by the Fe K a,b core excitations, requires that the power law fit be split into two functions, as shown in Eq. (3) The best-fitting parameters using the data points provided by NIST in each region of interest are tabulated in Table 1 for each formulation proposed in Equations (3) and (4), where energy, E, is in units of keV and l q is in units of cm 2 /g. These fits are also plotted in Fig. 3 together with the actual data points from NIST in the energy range of interest (2-9 keV). Now the path length, ', through the steel can be easily calculated at each preselected energy point between 2 keV and 9 keV in the EDX spectrum. Using the mass attenuation coefficient and the incident and transmitted intensities, by rearranging Eq. (1) the path length 'ðEÞ for a given X-ray energy E can be determined using Eq. (5). vs. X-ray energy, E, in the energy range of interest for iron as tabulated by NIST (full circles) with power law fits (full lines) before and after the Fe Ka;b absorption edge at $7.11 keV. The sharp increase (discontinuity) in the attenuation coefficient at $7.11 keV is due to the absorption of X rays at the Fe Ka;b absorption edge. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 1 Power law function-fitting parameters A and B for the mass attenuation coefficient for pure Fe, lðEÞ q ¼ AE ÀB , as a function of X-ray energy, E, in the two X-ray ranges specified.
A B X-ray range (keV) It is expected to be a distribution of path lengths because of the X-ray spectral noise and finite acceptance angle of the detector (±6°). The average value (Eq. (6)) will be considered the path length of interest where
N o is the total number of energy points E i considered. In choosing the energy ranges of interest three guiding principles are followed:
(1) avoiding having the characteristic X ray in the region of interest if the Bremsstrahlung continuum is to be used, because the elemental composition (MnS) at the bottom of a pit is not the same as that at the top (Fe); (2) making sure that there are enough X-ray counts, but not to the level that all the X rays are absorbed, so that enough transmitted (Bremsstrahlung or characteristic X-ray) radiation is registered in order to have meaningful Io I ratios; and (3) if the pits are shallow and open, avoiding using high-energy X rays such as the characteristic Fe K a line because high-energy electrons thus generated can escape the shallow holes, generating spurious X rays from unintended locations that lead to values smaller (or larger) than the actual values for ' av . Basically it is important to make sure that all of the incident electrons are absorbed within the interaction volume of interest. This in fact is the case for narrow, deep pits; for these pits ' av is the same no matter which X-ray regions are used. Hence for deep and narrow pits it is more practical to use the characteristic X-rays lines such as Fe K a .
Experiments
Corrosion pits were initiated on highly polished (40-nm surface finish) [14, 18] 1018 carbon steel coupons [22] in one of two ways: (1) by exposing the coupons to sulfate-reducing bacterial (SRB) cultures of D. alkanexedens (ALDC), a hydrocarbon degrading organism, at a $10 6 -cells/mL concentration under anaerobic conditions for a period of two weeks as described in our previous publication [14] and (2) by exposing the coupons in a 20-mL vial to a culture of Marinobacter, a fuel-degrading aerobic organism, in 10 mL of Key West seawater at an initial cell concentration of 10 7 cells/mL; the aqueous culture was then overlaid with 3 mL of JP5 fuel. The coupon was immersed into the aqueous phase $1 cm below the fuel/water interface. After seven days of exposure the coupons (1018 carbon steel and pure (99.995%) Fe) were removed, rapidly rinsed with ultrapure (18.0 MX cm) water then dried with dry nitrogen gas. Corrosion deposits were then analyzed using field emission SEM, stripped (by immersing the coupons very briefly ($1 s) in a stripping agent, 6 M HCl and hexamethyltetramine: 3.5 g/L), immediately washed and dried, then inserted into the SEM for pit analysis. Details of the aerobic and suboxic corrosion experiments will be published elsewhere. These two different corrosion mechanisms will be referred to here as anaerobic and aerobic corrosion mechanisms, and the coupons subjected to these corrosive environments will be referred to with similar adjectives. In both the anaerobic and the aerobic exposures of 1018 carbon steel, all the pits were found to have been initiated and grown around the immediate surroundings of MnS stringers $1 lm in diameter and extending hundreds of microns into the coupons, perpendicular to the coupon surfaces. No pits were observed in the pure Fe except those that were already present on the surface before the exposure; occasionally we have observed deep pits of this kind. As a pit develops around a MnS stringer, it grows wider and deeper: The local chemistry and electrochemistry associated with the dissolution of Fe 2+ ions inside these pits draw negative ) ions acidifies the pit environment, causing the dissolution of MnS in the pit and giving rise to abiotic elemental S, H 2 S and HS À which further fuel the corrosion process [14, [23] [24] [25] . This process results in the pit configurations shown in Figs. 1 and  4 , where the tips of the MnS inclusions are sticking out of the pit bottom, establishing a good reference point for determining their depth from the surface by multiple means.
Images and spectra similar to those in Fig. 1 are shown in Fig. 4 for three different pits, labeled as Pit 1 through Pit 3. Corresponding spectra of the Bremsstrahlung radiation in the regions of interest are compared on the right sides of the field emission SEM images in two colors: The blue spectra were obtained from the top surface, while the yellow spectra were obtained from the MnS stringers visible inside the pits. In Eq. (5) the Io I ratio corresponds to the ratio of the normalized height of the blue bar to that of the yellow bar shown in Fig. 4 at a given energy E in the region of interest, avoiding the S K a primary X rays. A solid state X-ray detector, based on a Si(Li) crystal, with an X-ray acceptance area of 30 mm 2 was located $28 mm from the sample. The mean angle of detection was $35°± 6°from the horizontal, resulting in a maximum solid angle of $3.8 Â 10 À2 sr. The X rays transmitted through a path length of ' were generated from an excitation volume with a dimension of $1 lm, which can be assumed to be a point source relative to the X-ray detector distance provided that the incident electrons are all confined in this region (i.e. narrow, deep pit). The primary beam was focused at the center of the MnS tips at the bottoms of the pits shown in Figs. 1 and 4 . The direction of the X-ray travel path projected onto the paper plane points from the center of the MnS pit to the upper right-hand corner of the field of view of the scanned SEM image, as shown in Fig. 4 . The R 1 and R 2 horizontal distances between an axis perpendicular to the center of the inclusion and the walls of the pit, inclined at an angle b (see Fig. 5 ) from the horizontal, are also shown in the figure. Therefore, the X rays exiting the interaction volume at point O (assumed to be $1 lm below the top of the MnS inclusion) falling within a cone shown in Fig. 5 inclined at h = 35°± 6°from the horizontal will be detected by the X-ray detector. This geometry will contribute to the distribution, though not significantly, of path lengths 'ðEÞ. Taking into account the noise in the X-ray distribution (see zoomed in EDX spectra in Fig. 4) , we assume that the histogram distribution of N vs. ' will have a normal (Gaussian) distribution. Examples of such distributions are shown in Fig. 6 . The points in the spectra collected from the MnS (yellow in Fig. 4 ) represent the attenuated X rays (I), and the points in the spectra taken from a spot on top of the surface (blue in Fig. 4 ) represent the reference intensity I 0 . Bremsstrahlung radiation is dependent on the atomic number and density of the probed material. Hence we assume that the attenuated Bremsstrahlung represented by yellow spectra in Fig. 4 before it was absorbed by the walls is an approximation of the unattenuated Bremsstrahlung reference spectra (blue) taken from the top. The Bremsstrahlung radiation from the top is mostly generated by the Fe nuclei, while the Bremsstrahlung radiation from the top of the MnS inclusion is generated by the nuclei of Mn, S, and Fe (we always observe a substantial Fe signature in the EDX spectra from a typical-size ($1-lm) MnS inclusion). For such cases the effective attenuation coefficient, in Eq. (7) is calculated from the weighted average of
for each element where x i is the relative weight fraction of element i. In our case it is challenging to determine x i accurately because the high-energy primary electrons also probe the immediate surroundings of these thin inclusions. We assumed that l q for Fe would be an adequate representation of
As discussed below, we tested the validity of this approximation by comparing a pair of spectra taken from the top of the surface, one from a MnS inclusion and the other from the Fe with no obstacles between the interaction volume and the X-ray detector, and found that the Bremsstrahlung profiles and intensities of the two spectra were the same within ±0.2 lm accuracy in the determination of the attenuation length, ' av . This error is much smaller than the errors we have in the determination of ' av (from 20% to 100%). However, as shown in Fig. 2 the ' av appears to be much closer to the independently verified value than the errors would suggest. The source of errors can be traced to the quantum noise of the X-ray statistics (see spectral noise in the EDX spectra in Fig. 4 ). This error is somewhat reduced in determining the depth of deep pits, as is discussed later in this work.
Comparison of the blue and yellow spectra in Fig. 4 shows attenuation of the X rays is highest at the lower-energy end of the spectrum and also above 7.1 keV, as suggested by Fig. 3 . The pit depth, d av , will be determined in two independent ways for these three pits only: (1) using the X-ray attenuation to determine ' av using Eq. (6) and then d av using the relation shown in Eq. (8), where ' o is the distance X rays travel inside the pit before encountering the walls of the pit and h % 35°, and (2) using a geometric method (Eq. (9)) in which s % 1 lm and d is determined geometrically by imaging the pit from the top with no tilt and again at a tilt angle of c % 15°from horizontal as explained below. Once our confidence in the method is established the technique will then be applied to determining the depths of four pits which will serve as examples of how this technique is expected to be used in practice.
3. Results and discussions
Determination of pit depth using X-ray attenuation
Pits were imaged in a field emission scanning electron microscope (SEM) using a ZEISS SUPRA 55VP microscope (Carl Zeiss MicroImaging, GmbH, Gottingen) together with an energy dispersive X-ray spectrometer (EDX) from Princeton Gamma-Tech, Inc. (Rocky Hill, NJ). EDX spectra were collected for about 45 s at Xray energies between 0 and 15 keV using a 20-keV primary beam energy and a working distance from the objective lens of 15 mm. EDX spectra were analyzed using the Spirit, version 1.07.05, software provided by Princeton Gamma-Tech. As mentioned above, the X-ray detector (a Si(Li) crystal) was about 28 mm from the analysis point inclined 35°from the horizontal with a ±6°accep-tance angle. The X-ray detector had a circular 30-mm 2 X-ray collection area. The MnS inclusions investigated in this study emitted a range of continuous radiation clear of substantial interference from characteristic X rays outside the S K a (2.3-keV), Mn K a (5.9-keV), Fe K a (6.4-keV) and Fe K b (7.1-keV) peaks. The peak widths, depending on the particular core excitation, were below 500 eV in the energy range of interest. The iron mass density, q, was taken as 7.87 g/cm 3 . An appropriate Bremsstrahlung radiation energy range was chosen for each pit to avoid interference from characteristic X rays as well as to make sure that the transmitted Bremsstrahlung radiation stayed above the noise level once it passed through the walls of the pit. This choice was different for each pit analyzed. Both Bremsstrahlung radiation and Fe K a X rays were used to determine pit depths, and the results are compared in Fig. 6 . The pit depths are tabulated in Table 2 . No differences in the average pit depths were observed according to whether Bremsstrahlung or characteristic X rays were used.
A Matlab code was written, and energy-dependent path lengths 'ðEÞ vs. E were calculated using Eq. (5). The histogram distribution N exp ð'Þ vs. ' was plotted for the energy regions specified. Because of the quantum noise of X-ray generation and to a lesser degree the angular variations in X-ray detection, a nonzero distribution of 'ðEÞ is observed. This distribution was fitted with a normal (Gaussian) probability distribution, which is superimposed on experimental histograms N exp ð'Þ vs. ' in Figs. 2 and 6 for each pit. The average and standard deviations were calculated using standard techniques. Gaussian distribution improves with increased data points. The spread in the distribution is attributed to mostly the quantum noise in the X-ray emission distribution.
To investigate the error introduced by using the MnS inclusions and their surroundings as the sources of Bremsstrahlung radiation generated inside the pits rather than the iron matrix nuclei alone on the tops of the pits, we used a freshly polished 1018 steel surface with all the MnS inclusions either at the same level as the surface or no more than $50 nm (size of the particles in the polishing paste) below the surface as confirmed by AFM imaging [14, 18] . We compared the Bremsstrahlung radiation intensity distribution generated from the tops of the MnS inclusions and that generated by the Fe matrix from the same surface for eight MnS inclusions. It is worth emphasizing here that for these experiments the X rays generated from MnS inclusions entered the X-ray detector without passing through any obstacle. Any differences in the intensity distributions are entirely due to differences in the material matrixes. We calculated the path lengths and their distributions using Eq. (5) for the Bremsstrahlung radiation originating from the eight MnS inclusions in combination with the two sources of incident Bremsstrahlung radiation from the Fe surface using the methods described above. This gave a total of sixteen calculated residual path lengths from MnS inclusions entirely due to material differences. The average of these residual path lengths was $0.20 lm. This is at least an order of magnitude smaller than the standard deviations associated with the N exp ð'Þ vs. ' histograms. Hence, material differences alone cannot account for the errors in the average path lengths reported here. It is safe to say that if the bottom of the pit and the top of the pit are of the same material, this might slightly improve the method described here, as demonstrated using a pit on a pure iron sample, in Fig. 6d .
In order to determine the pit depth from Eq. (8) we need to determine ' o , the distance X rays travel in the vacuum inside the pit before striking the walls of the pit. In practice, if the pit is very narrow and steep then ' o % 0. This will be the case for the majority of the pits. In fact, one can deliberately aim the electron beam very near the walls and into narrow, deep holes of the pit to make sure Table 2 Examples of X-ray energy regions for Bremsstrahlung and Fe K a radiations used for calculating 'ðEÞ vs. E for Pits a and d shown in Fig. 6 . The same results are obtained for the two regions.
Pit a 4700-5200 and 9000-9600 6000-6600 8 ± 3 Pit d 3900-4600 and 9000-9800 5900-6500 9 ± 3 that ' o % 0. However, in this work, we avoided this to make sure that we had a second, independent, way of verifying our depth measurements before we made use of the method. For this we had to determine the ' o associated with each pit geometry. Choosing to aim the electron beam at an open target such as the top of a MnS inclusion will result in spurious X rays besides the ones generated from the points of interest. This will result in extra errors in determining the depths and comparing them with the expected values. In practice, for electron beams aimed into narrow, deep pits this situation will be avoided and results will be more accurate.
Here we just want to confirm with some alternative measurement that the two results are within acceptable range of each other. We have already demonstrated this with Fig. 2 and determined that AFM and X-ray attenuation technique give us very reasonable values. This is an attempt to see similar results before we apply the techniques in real-world situations.
Determination of pit depth using the geometric approach
The simple geometry of the corrosion pits makes it possible to determine the approximate depth, d, of the top of the MnS Fig. 7 . Schematic of the pit shown in Fig. 5 , now tilted counterclockwise by an angle of c % 15°around an axis passing through the top of the MnS inclusions and perpendicular to the page plane in order to determine the depth, d. Distance D 1 is the projected distance from the center of the inclusion to the pit edge on the sample surface before it was tilted, and D 2 is the same distance after the tilt. inclusion from the surface as well as the parameter ' o as marked in the schematic representation of a pit cross section in Fig. 5 . The SEM images in Fig. 4 show the determination of the critical parameters R 1 and R 2 , which are also marked in Fig. 5 . These critical distances can be measured directly from the image contrast differences. For these measurements it is important that the sample not be tilted and that the top views of the pictures are used. These values are recorded in Table 3 . The measurement of R 2 in this approach is a bit ambiguous, and substantial (30-50%) uncertainty can be introduced in reading R 2 and hence in determining b and ' o .
Applying the law of sines to the OAB triangle in Fig. 5 (8), where ' av are obtained from the X-ray attenuation data and are listed in Table 3 .
As mentioned above, the pit depths, d av % d þ s, can also be measured independently by geometrical means: Since we assume s % 1lm we just need to measure the distance d marked in Fig. 5 .
This measurement is done simply by taking two critical distance measurements, D 1 and D 2 , marked schematically in Fig. 7 and shown in a FEM image in Fig. 8 for each pit. This is a simple measurement between two well-defined geometries. First, D 1 is measured (see Fig. 8 ) when the sample surface is not tilted; second, D 2 is measured when the sample is tilted by an angle of c % 15°a
round a horizontal axis perpendicular to the X-ray emission plane (paper plane) passing through the top of the MnS inclusion in the pit. This is achieved by maintaining the SEM focus on the top of the MnS inclusion. This is done for each pit. The images and the critical distances are also recorded in Table 3 .
From these measurements it is trivial to determine depth d using a simple geometric relation and applying the law of sines to the triangle defined by ABC in Fig. 7 : One obtains Eq. (11) where angle c % 15°. This, then, completes the direct (geometric) measurement of the depth:
The results from the two independent methods (geometry and X-ray attenuation) of determining pit depths are all summarized in Table 3 .
The comparisons indicate the results from the geometric method and the X-ray attenuation method agree marginally at best. This was expected. The values obtained using the geometric Fig. 9 . Application of the X-ray attenuation method to determining the depths of four pits. The pits labeled as (a), (c) and (e) were initiated in the immediate surroundings of MnS inclusions on 1018 carbon steel exposed to Marinobacter in a seawater/fuel system under aerobic conditions for seven days. Panel (g) corresponds to pure iron (99.995% purity) exposed to the same environment but with the pit already present on the coupon before the exposure. Panels (b), (d), (f) and (h) show the corresponding EDX spectra taken from the points marked as 1 (yellow) and 2 (blue). They show the attenuation of the X rays used in determining the pit depths tabulated in Table 4 . Fig. 6d if the electron beam were aimed at an open area of the pit on one of the side walls the results would not have represented a true depth. X-ray attenuation, as the name suggests, requires the total absorption of the incident electrons within an interaction volume and the subsequent transmission of the X rays transmitted through the walls of the material on their way to the detector. In this sense, the results shown in Table 3 are fairly satisfactory. A similar comparison in Fig. 2 gave a reasonable agreement, but the beam was aimed into a narrow hole. In what follows we present the application of this technique to determining the depths of a number of pits on Fe surfaces. This approach provides accurate results rapidly, in about 5 min, because full attenuation of incident X-rays within deep and narrow pits is achieved.
Application of the technique
In Fig. 9 we present four pits on Fe surfaces whose depths we are interested in determining. The pits labeled as a, c and e due to aerobic corrosion is similar to the pits developed during anaerobic corrosion discussed above, each originated in and grew from the immediate surroundings of MnS stringers. They developed during the seven-day aerobic corrosion of coupons exposed to a fuel/ seawater system inoculated with Marinobacter described above. Pit g was observed on the surface of a pure (99.995%) iron coupon exposed to the same environment for the same length of time. However, this pit was not initiated during this period, it was already present on the surface much like the one shown in Fig. 6c ; in fact, there were no pits on the pure Fe surface except those that were already on the surface and those that were initiated in the immediate surroundings of inclusions, typically some sort of Si-based inclusion. Because these pits are narrow and deep, it is a very good approximation to assume ' o % 0, and the average pit depth can simply be determined from Eq. (12) .
All we need to do is to determine ' av using the X-ray attenuation technique. This is what is shown in Table 4 .
We are confident that the average values shown in Table 4 are a fair representation of the pit depths. The error is due to X-ray statistics associated with the generation of X rays. In Table 4 the attenuation of Fe K a X-rays centered at $6.4 keV is used. However, determination of ' av by means of attenuation of the Bremsstrahlung radiation gave almost identical results, except for pit a, where ' av AE D' ¼ 10AE3 lm. This is not entirely surprising because of the excess MnS presence in the pit (see EDX in Fig. 9a) . Overall, these results are fairly satisfactory. How else could we have known of the presence of the $41-lm pit whose radius is less than 2 lm on the pure Fe surface shown in Fig. 9g? 
Conclusions
We have demonstrated that the attenuation of X rays can be utilized to determine the depths of deep, narrow pits on material surfaces. We applied this technique to corrosion pits initiated and developed around MnS stringers oriented perpendicular to a 1018 carbon steel surface cut and polished perpendicular to the rolling direction of the steel bars. The value of the technique does not lie in its accuracy but in its practicality and uniqueness. While a material surface is being analyzed using SEM X-ray microanalysis, narrow, deep pits or holes are often encountered. It is desirable to have some idea of the depth of these pits or holes at the time of analysis. The technique reported here fills this niche need. In developing this technique we took advantage of the special geometry of corrosion initiation and development around a MnS inclusion so that two independent ways can be used to determine the same depth. For this purpose we used the Bremsstrahlung continuum and its attenuation as it passed through the material on its way to an X-ray detector. If, however, the composition at the bottom and at the top of the pit are the same matrix, then one can use the areas, I and I o , under the characteristic X-ray peaks as demonstrated for pure Fe and for carbon steel and simply use Eq. (13) is the ratio of the area under a characteristic X-ray peak such as Fe K a taken from the top of the pit to that of one taken from the bottom and h is the angle the X rays make with the horizontal on their way to the X-ray detector.
Our comparison results from two different methods presented in Table 3 are reasonable, considering that these pits are very shallow and the tops of the MnS inclusions are surrounded with open regions for high-energy electrons to scatter, bounce around and perhaps even escape the pit region. However, if the pits are narrow and deep and the energetic electrons directed at the bottom of the pit are all absorbed within the interaction volume of the electrons, then the results will be fairly accurate as in Table 4 in spite of the uncertainties introduced by the X-ray production statistics. Accuracy can be improved somewhat by reducing the noise in the X-ray statistics to produce a better signal-to-noise ratio. However, the average values of the pit depths determined by X-ray attenuation are a fairly good representation of the true values in spite of the large variations in the X-ray counting statistics. This approach produces results rapidly and accurately. It only takes about 5 min to determine the depth of a pit; this includes the time to acquire two EDX spectra and to insert the data into the Matlab software. Table 4 Determination of pit depths associated with Fig. 9 . Error Dd is calculated using Dd ¼ D' sin h þ 'av cos hDh; where Dh % 0.05 radians and h = 35°.
Pit a
Pit c Pit e Pit g X-ray energy regions (eV) 6000-6600 6000-6500 6000-6600 6000-6500
'av AE D' (lm) 15 ± 7 25 ± 5 12 ± 4 71 ± 12 dav % 'av sin h AE Dd (lm) 8 ± 4
14 ± 4 7 ± 2 41 ± 10
